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Membrane depolarization causes voltage-
gated ion channels to transition from a resting/
closed conformation to an activated/open con-
formation. We used voltage-clamp fluorometry
to measure protein motion at specific regions
of the Shaker Kv channel. This enabled us to
construct new structural models of the resting/
closed and activated/open states based on the
Kv1.2 crystal structure using the Rosetta-
Membrane method and molecular dynamics
simulations. Our models account for the mea-
sured gating charge displacement and suggest
a molecular mechanism of activation in which
the primary voltage sensors, S4s, rotate by
180 as they move ‘‘outward’’ by 6–8 A˚. A sub-
sequent tilting motion of the S4s and the pore
domain helices, S5s, of all four subunits in-
duces a concerted movement of the channel’s
S4-S5 linkers and S6 helices, allowing ion
conduction. Our models are compatible with a
wide body of data and resolve apparent contra-
dictions that previously led to several distinct
models of voltage sensing.
INTRODUCTION
Voltage-gated ion channels open and close in response to
changes in membrane potential and rapidly and selec-
tively conduct ions selectively across cell membranes.
Their ability to sense the membrane potential is conferred
via a voltage-sensing domain (VSD, transmembrane seg-124 Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Incments S1-S4), which regulates the conformation of molec-
ular gates located in the pore domain (PD, transmembrane
segments S5-S6). Detailed structural information at atomic
resolution is needed to understand the mechanism under-
lying voltage gating. The recent structure of themammalian
Kv1.2 voltage-gated K+ channel, though partially incom-
plete, revealed the general organization of the VSD in
what appears to be the activated and open state (Long
et al., 2005a). The earlier high-resolution crystal structure
of the bacterial voltage-gated channel KvAP (Jiang et al.,
2003a, 2003b) captured the protein in a nonnative
conformation (Lee et al., 2005), with the VSDs separated
from the PD, suggesting that the interactions between the
VSD and PD are weak and that large relative movements
could occur between these two domains during gating.
To understand the voltage-sensingmotion, recent stud-
ies tried to elucidate the resting/closed conformation by
measuring voltage-dependent changes in internal and ex-
ternal accessibility of VSD segments (Gandhi et al., 2003;
Phillips et al., 2005; Ruta et al., 2005), changes in the loca-
tion of the charged S4 relative to either a pore blocker or to
lipid-soluble probes (Chanda et al., 2005; Posson et al.,
2005), and the distance needed to move an S4 charge
through the membrane electric field (Ahern and Horn,
2005). These studies arrived at widely different models
of the voltage-sensing motion (Tombola et al., 2005a).
Two more recent studies—one that mapped the omega
current pathway that ions take through the VSD in the rest-
ing state (Tombola et al., 2007) and the other which
probed suppressor interactions between mutations in S4
and neighboring helices (Grabe et al., 2007)–arrived at
more compatible results, but still lacked sufficient con-
straint for a complete model.
In order to fill in this gap, we performed a scan for pro-
tein motion on the externally accessible portion of the
Shaker K+ channel using voltage-clamp fluorometry.
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Voltage-Dependent Gating of Shaker K+ Channel(VCF). VCF is a time-resolved method that provides infor-
mation about local proteinmotion associatedwith specific
gating steps. The structural rearrangement is reported by
a fluorophore attached in a site-directed manner to one of
a large series of individual positions from which one can
reconstruct global motions. The VCF experiments provide
new information on the VSD motion associated with ac-
tivation, enabling us to construct new structural models
of the resting and open state of the Kv1.2 channel.
The models are generated by a combination of Rosetta-
Membrane modeling and molecular dynamics simula-
tions. The structural models are consistent with a number
of key experimental observations and for the first time
reconcile seemingly disparate data that have led to
considerable debate in the field. Therefore, the findings
provide new insight into the molecular mechanism of
voltage-dependent gating.
RESULTS
Fluorescence Scan of the Voltage-Sensing
Domain and the Pore Domain
We examined a large portion of the extracellular region of
the Shaker channel and created rearrangement maps for
the VSD and PD. Single amino acids were substituted
with cysteine at 82 positions in the external portion of
the channel (Figure 1 and Table 1). Of these cysteine mu-
tants, 73 expressed functional channels and were studied
further. Oocytes expressing each cysteine mutant were
covalently labeled with the environment-sensitive fluoro-
phore tetramethylrhodamine-6-maleimide (TMRM), which
attached to the engineered cysteine. A single depolarizing
voltage step from a holding potential of 80 mV to a pos-
itive voltage was used to activate and open the channel.
The step was long enough to induce activation, opening
and slow inactivation, resulting in a transient ionic current
(Figure 1B). In parallel to measuring ionic current, wemea-
sured fluorescence from 15% of the surface of the
oocyte. A change in fluorescence (DF) was detected at
56 attachment positions, indicating that they are exposed
enough to the external solution to permit conjugation by
the charged extracellular TMRM and that a protein motion
occurs in the labeled segment, or its surround, resulting in
a change in the environment of the fluorophore. An exam-
ination of theDFs from all of the sites shows that they have
unique fluorescence signatures, even in adjacent amino
acid positions (Figure 1C and Table 1). This indicates
that TMRM senses a small region of space in the vicinity
of the side chain to which it is attached and that moving
the attachment site by only one amino acid means point-
ing in a different direction where distinct interactions occur
with the surrounding environment. In other words, VCF
provides information about protein motion at a single
amino acid resolution.
TheDFs detected from different attachment sites varied
in magnitude and polarity and tracked distinct subsets of
functional transitions, such as activation, opening, inacti-vation, and recovery from inactivation. The DF measured
during a depolarizing step could be divided into fast and
slow components (Figure 1C). The slow component
tracked the process of slow inactivation of the ionic cur-
rent (data not shown, see Gandhi et al., 2000). In this
study, we focus on the fast component, which took place
during the rise of the ionic current and which we found to
correspond to channel activation.
Figure 1. Fluorescence Scan Data Set
(A) Schematic diagram marking the regions of the Shaker channel in-
cluded in the fluorescence scan. One subunit of the channel is shown,
with the VSD in orange and the PD in green. Blue boxes mark the re-
gions included in the fluorescence scan.
(B) Voltage step from a holding potential of 80 mV to a voltage be-
tween 0 and 50 mV for several seconds (V) opens the channel and
slow inactivates it (I) while eliciting a fluorescence change from
TMRM attached to the channel (F). At the site shown, TMRM fluores-
cence only tracks activation, not the process of slow inactivation.
(C) Fluorescence reports from the 56 positions at which DFs were de-
tected. Each trace represents the mean of traces from three cells. The
position of attachment of the fluorophore is indicated by a label on the
top of each trace, with the following color scheme for labels: black, S1;
blue, S2; green, S3; magenta, S3-S4; red, S4; gray, pore domain.
The pre-step duration shown for each trace is 4 s and serves as the
scale bar.Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc. 125
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Region Shaker Residue Kv1.2 Residue Mean DF Standard Deviation Standard Error n Max DF
1 S1 E247 E183 0.00164 0.00067 0.00038 3 0.00241
2 S1 L249 L185 0.00178 0.00089 0.00031 8 0.00311
3 S1 E251 I187 0.00423 0.0053 0.002 7 0.01584
4 S1 F252 F188 0.00127 0.00107 0.00038 8 0.00288
5 S1 K253 R189 0.01351 0.00833 0.00315 7 0.02918
6 S1 H254 D190 0.0037 0.00248 0.00111 5 0.00692
7 S2 D274 S217 0.00935 0.00566 0.00214 7 0.02172
8 S2 I275 F218 0.01685 0.01039 0.00465 5 0.03017
9 S2 T276 T219 0.00142 0.00071 0.00036 4 0.00222
10 S2 D277 D220 0.00355 0.00164 0.00062 7 0.00505
11 S2 F280 F223 0.0148 0.01648 0.00521 10 0.05425
12 S3 T326 T269 0.02076 0.01267 0.00448 8 0.04094
13 S3 L327 L270 0.00265 0.00109 0.00044 6 0.00386
14 S3 T329 T272 0.00388 0.00024 0.00012 4 0.00411
15 S3 V330 E273 0.00579 0.00489 0.00219 5 0.01423
16 S3 V331 L274 0.00807 0.00572 0.00256 5 0.01248
17 S3 A332 A275 0.01797 0.01107 0.00418 7 0.03487
18 S3 E333 E276 0.00814 0.00837 0.00342 6 0.02489
19 S3 E334 K277 0.0258 0.0194 0.00792 6 0.06302
20 S3 E335 P278 0.00767 0.00358 0.00207 3 0.01033
21 S3-S4 D336 0.00696 0.00586 0.00339 3 0.01272
22 S3-S4 T337 0.02245 0.02109 0.01055 4 0.04326
23 S3-S4 L338 0.02325 0.01153 0.00471 6 0.04184
24 S3-S4 N339 0.04264 0.02223 0.01112 4 0.07384
25 S3-S4 L340 0.00453 0.0011 0.00064 3 0.00579
26 S3-S4 S346* 0.01239 0.00615 0.00275 5 0.02
27 S3-S4 P347* E279 0.00679 0.00434 0.00194 5 0.01044
28 S3-S4 Q348* D280 0.0234 0.01207 0.00493 6 0.04108
29 S3-S4 D349* A281 0.00546 0.00228 0.00114 4 0.00809
30 S3-S4 K350* Q282 0.01705 0.00775 0.00258 9 0.02829
31 S3-S4 S351* Q283 0.0703 0.02181 0.0069 10 0.1154
32 S3-S4 S352* G284 0.02089 0.0088 0.00359 6 0.03135
33 S3-S4 N353* Q285 0.04482 0.02435 0.00921 7 0.07764
34 S3-S4 Q354 Q286 0.03495 0.02354 0.00832 8 0.08101
35 S4 A355* A287 0.02414 0.01365 0.00483 8 0.04552
36 S4 M356* M288 0.0161 0.0079 0.00354 5 0.02187
37 S4 S357 S289 0.00918 0.00751 0.00306 6 0.02067
38 S4 L358* L290 0.01899 0.00616 0.00252 6 0.02892
39 S4 A359* A291 0.02654 0.01974 0.00547 13 0.06753
40 S4 I360* I292 0.003 0.00626 0.00313 4 0.01114
41 S4 L361* L293 0.00075 0.00355 0.00145 6 0.00458126 Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc.
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Region Shaker Residue Kv1.2 Residue Mean DF Standard Deviation Standard Error n Max DF
42 S4 R362* R294 0.04178 0.01476 0.0066 5 0.0658
43 S4 R365* R297 0.01287 0.01037 0.00464 5 0.03082
44 S5 F416 F348 0.00157 0.00044 0.00018 6 0.00214
45 S5 A417* A349 0.00229 0.00235 0.00118 4 0.00572
46 S5 E418* E350 0.0414 0.02247 0.00917 6 0.06231
47 P A419* A351 0.06475 0.07468 0.04312 3 0.1508
48 P E422* R354 0.08361 0.04435 0.01676 7 0.1359
49 P S424* S356 0.03267 0.02596 0.01161 5 0.07009
50 P F426* F358 0.00582 0.00245 0.00173 2 0.00756
51 P K427 P359 0.01724 0.01064 0.00284 14 0.03765
52 P V451 T383 0.0007 0.00075 0.00027 8 0.00168
53 P G452 T384 0.01661 0.01129 0.00292 15 0.03591
54 S6 V453 I385 0.00434 0.00394 0.00149 7 0.00998
55 S6 W454 386 0.00071 0.0004 0.00023 3 0.00117
56 S6 G455* G387 0.00366 0.00242 0.0014 3 0.00581
We did not observe fluorescence changes at positions F244 (F180), C245 (C181), or L246 (L182) in S1; F279 (F222), L281 (I224), or
I282 (V225) in S2; F324 (F267), I325 (I268), or A328 (G271) in S3; V363 (V295), I364 (I296), L366 (L298), V367 (V299), or V369 (V301) in
S4; F425 (Q357), S428 (S360), or A432 (A364) in the pore loop regions.We did not obtain expression of the cysteinemutants at T248
(T184) or P250 (P186) in S1; P278 (P221) or E283 (E226) in S2; G420 (D352), N423 (D355), P430 (P362), K456 (K388), or I457 (I389) in
the pore domain. For sites marked with * the data were taken from experiments reported in Gandhi et al. (2000). For details on how
the DF values were computed, please see Supplemental Experimental Procedures, section Data Analysis, Evaluating parameters
for sites.Detection of Protein Motion Associated
with Voltage Sensing
Sites with a fast DF could experience an environment
change during either the voltage-sensing steps of activa-
tion or during opening. We identified the positions that re-
port on the voltage-sensing steps of activation by examin-
ing the DF elicited in response to a voltage step that
changes the activation state but does not open the chan-
nel. For example, channels were given hyperpolarizing
steps and depolarizing steps that were too small to open
the channel, from a holding potential of 80 mV (Fig-
ure 2A). We observed DFs in response to these nonopen-
ing voltage steps for all of the sites in the VSD. Previous
studies showed that the DF of TMRM at sites in or near
the Shaker S4 segment tracks the channel’s gating charge
movement, i.e., the voltage-sensing steps of activation
(Baker et al., 1998; Cha and Bezanilla, 1997; Gandhi
et al., 2000; Mannuzzu and Isacoff, 2000; Mannuzzu
et al., 1996). We found the same to be true for other sites
in the VSD outside of S4. An example of this is shown for
site 275 in S2, for which we compared the gating charge
displaced to the DF (Figures 2B and 2C). We found that
the kinetics of the DF tracked the ON and OFF gating
current. Moreover, the steady-state voltage dependence
of fluorescence closely overlapped with the voltage de-
pendence of the gating charge movement. This analysis
provides a clear demonstration that TMRM at this posi-tion experiences a local protein motion during voltage
sensing.
We also observed fast DFs at some sites in the PD (Fig-
ure 1 and Table 1). The fastDFs in this region appear to pri-
marily track the conformational changes of channel open-
ing, rather than voltage sensing (see Figure S1A in the
Supplemental Data available with this article online).
These sites mapped to the tops of the turret and the S5-
P loop of the PD (Figure S1B), rather than peripheral re-
gions located closer to the VSD, which could potentially
‘‘feel’’ the voltage-sensing motion of S4. Taken together,
these observations suggest that voltage-sensing motions
do not propagate extensively into the extracellular portion
of the PD but that opening rearrangements of the PD in-
volve a conformational change that extends from the inner
surface to the outer surface of the PD.
Magnitude of Protein Motion
Earlier evidence indicates that S4 substantially changes
internal and external exposure during voltage sensing
and carries most, if not all, of the gating charge (Gandhi
and Isacoff, 2002), suggesting that it undergoes a large
conformational change. In contrast, accessibility assays
on S1 and S2 suggested that they do not posses a signif-
icant transmembrane motion (Gandhi et al., 2003; Ruta
et al., 2005), although one charged residue on S2 has
been suggested to move gating charge (Seoh et al.,Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc. 127
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Voltage-Dependent Gating of Shaker K+ ChannelFigure 2. Fast DF in VSD Reports on
Activation
(A) Fluorescence signals in response to a hy-
perpolarizing step (left) and a depolarizing
step that does not open the channels (right)
from TMRM attached to T276C. These chan-
nels open at 10 mV (data not shown).
(B) Gating currents (top) and fluorescence
changes (middle) elicited from a site (I275C)
that exhibits fast fluorescence changes in re-
sponse to a family of voltage pulses (bottom).
Holding potential is 80 mV, and the voltages
steps range from 150 mV to +50 mV. Note
the similarity in time course of gating currents
and fluorescence changes.
(C) Normalized gating charge movement
(black) and normalized steady-state fluores-
cence changes (red) show similar voltage-de-
pendence properties. Points plotted are from
data shown in part (B).1996). The evidence has also been split as regards S3,
with biotin trapping by Avidin in KvAP suggesting a large
motion (Jiang et al., 2003b) but not in Shaker (Darman
et al., 2006), and MTS reagent accessibility in Shaker
(Gandhi et al., 2003; Gonzalez et al., 2005) and hanatoxin
accessibility in Kv2.1 showing little change (Phillips et al.,
2005).
We asked how we could extract information regarding
the magnitude of protein motion from our fluorescence
data set. The fluorescence changes we measure are due
to changes in local environment experienced by the fluo-
rophore during a conformational change in the protein.
Any changes in local environment due to thermal fluctua-
tions are averaged in the fluorescence signal, which arises
from fluorophores attached to millions of channels at the
plasma membrane of the cell. A DF in response to a volt-
age step means that the environment surrounding the flu-
orophore has changed beyond the average thermal fluctu-
ations, due to a net rearrangement in the protein induced
by voltage change. In other words, the conformational
change in the protein must connect energetically sepa-
rated states in order for us to see a fluorescence change.
Large environmental transitions that would generate DFs
of large magnitudes are possible with small protein move-
ments. However, given side chain vibrations and the flex-
ibility of some of the bonds in the TMRM linker, which will
permit the TMRM to explore a cone of space, it is more
likely that a larger motion will make for a larger environ-
mental transition. In addition, very small protein move-
ments connecting states that are energetically well sepa-
rated (not visited by the protein just by simple thermal
fluctuations) are possible but uncommon. Finally, in the
event that a small motion causes a large environmental
transition at one residue because it happens to carry
that residue across a sharp structural boundary, we would
observe a DF of large magnitude only at an isolated site,128 Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc.not at neighboring positions in the helix. Thus it is reason-
able to assume that DFs of larger magnitudes observed at
several residues in a helical segment are indicative of
larger conformational changes of that segment. We rea-
soned that small motions of a helix would be expected
to produce DFs of small magnitudes, perhaps only in
a short segment of the helix at its edge of exposure, while
large motions would produce large environment changes
and DFs of large magnitudes that would be observed over
a longer segment of the helix.
Starting with the outer end of each helical region of the
Kv1.2 crystal structure, we counted the number of resi-
dues in each VSD helix that had a detectableDF.We found
that the number of residues was smallest in S1 (with none
of the residues showing detectable DFs falling within the
helical region resolved in the Kv1.2 crystal structure),
larger in S2, and largest in S3 and S4 (Figure 3A). We ex-
amined the DF amplitudes for each of the VSD helices
(Figure 3B). The average fluorescence change progres-
sively increased in magnitude from S1 to S4. The data
are consistent with the notion that S3 and S4 undergo
greater voltage-sensing motions than S1 and S2 (see
Figure 6D below). Our results are consistent with an earlier
perturbation scan of Kv2.1, which found a trend in pertur-
bation energies across the VSD, with the smallest effects
occurring in S1 and the largest effects occurring in S4
(Li-Smerin et al., 2000).
Nature of Voltage-Sensing Rearrangement of VSD
The large-magnitude DFs in S4 are consistent with the
large changes in accessibility of S4 residues to MTS re-
agents (for review see Gandhi and Isacoff, 2002). How-
ever, the large magnitude of DFs in S3 were unexpected
given the lack of change in accessibility of S3 residues
to MTS reagents in Shaker (Darman et al., 2006; Gandhi
et al., 2003). Could the DFs in S3 mean that S3 also
Neuron
Voltage-Dependent Gating of Shaker K+ Channelundergoes a large motion? In principle, large DFs in S3
could arise either from a motion of S3 itself or from the re-
arrangement of another part of the protein near S3, for ex-
ample from the motion of S4. This would be predicted to
occur only for attachment sites on the side of S3 that faces
S4. However, the large DFs mapped to all sides of S3
(Figure 3C), suggesting that S3 moves relative to its entire
surrounding environment during voltage sensing. These
results are consistent with the biotin-trapping experiments
in KvAP that showed a voltage-dependent change in both
S3 and S4 access to a large avidin (Jiang et al., 2003b). In
addition, the results suggest that the reason that S3 mo-
tion was not detected withMTS probing in Shaker (Gandhi
et al., 2003) is that in the resting state of the VSD S3 is in
a more external and exposed position compared to S4,
perhaps at the outer end of the omega pathway (Tombola
Figure 3. Pattern of DFs in the Voltage-Sensing Domain
(A) Number of fluorophore attachment positions from each helical
region of the VSD of the Kv1.2 structure with a detectable DF. See
Figure S6 for the sequence alignment used for S1 and S3 helices.
(B) Magnitude of the fast fluorescence components (DF) for the four
helical segments of the voltage-sensing domain. The definition of he-
lical segments is based on the crystal structure of the Kv1.2 channel,
and alignments as discussed in Supplemental Experimental Proce-
dures and shown in Figure S6. DF was computed as described in
the Data Analysis section of Supplemental Experimental Procedures.
Each black point represents a different site, and its value is the median
DF of all cells tested for that site. The red points denote the mean of all
sites for a given segment.
(C) Magnitude of fluorescence changes from S3 and S4 color coded
according to the scale shown on the right and mapped onto a helical
net diagram corresponding to a view of the channel’s open-state
model from the extracellular side of the membrane. Only the VSD of
one subunit and the PD of its adjacent subunit are shown for clarity.
S3 sites outlined in gray indicate sites that are not resolved in
the Kv1.2 crystal structure but that are modeled as helical in the
Rosetta-Membrane open-state model.et al., 2007), and thus within reach of small MTS reagents.
While S3 and S4 appear to move together, the large DFs
seen along the interface between them (Figure 3C) sug-
gest that they also experience a relative displacement.
Modeling of the Resting Conformation
of the Kv1.2
We used the patterns of S3 and S4motion observed in the
fluorescence scan along with information about the rest-
ing-state conformation of the VSD gathered from a struc-
ture-driven perturbation scan of the omega current (Tom-
bola et al., 2007) and accessibility of S6 residues (del
Camino et al., 2005; del Camino and Yellen, 2001) to
model the resting-state structure of Kv1.2 as described
below. As a starting model, we used the previously devel-
oped Rosetta-Membrane model of Kv1.2 (Yarov-Yarovoy
et al., 2006a).
Pore-Forming Domain and the S4-S5 Linker
Modeling in the Resting State
To generate a model of the resting channel, we made
a model of the closed state of the PD of the Kv1.2 chan-
nel that satisfies the data from Yellen and coworkers re-
garding the closed conformation of the intracellular gate
(del Camino et al., 2005; del Camino and Yellen, 2001)
(see Supplemental Experimental Procedures). Figure 4
shows our best model of the PD of Kv1.2 in the resting
state. The pore is closed tightly by V410 (V478 in Shaker)
side chains in the PD tetramer, and the V410 side chain
is exposed to the water-accessible intracellular environ-
ment (Figures 4A and 4B). The S6 segment stays kinked
at the conserved PVP-motif region in the resting state
(Figures 4C and 4D). Comparison of our resting-state
PD model with the Kv1.2 open-state structure (Long
et al., 2005a) shows that the S6 closing movement in-
volves a side movement of its intracellular part, which
puts V410 and S6 residues downstream closer to the
channel pore axis, so that the Ca atom of V410 moves
5 A˚ between the open and closed states (Figures 4C
and 4D).
We nextmodeled the resting-state position of the S4-S5
linker. The S4-S5 linker is proposed to interact specifically
with S6 and to couple the voltage-dependent VSD move-
ment to PD opening and closing (Lu et al., 2001, 2002).
Maintaining the Kv1.2 open-state structure location of
S4-S5 relative to S6 (Long et al., 2005a) (see Supplemental
Experimental Procedures) and closing the gate, as we
modeled above, results in a radial whole-body movement
of S4-S5 by about 5–6 A˚, which preserves its location be-
tween the hydrophobic and polar layers of the membrane.
This movement of S4-S5 parallel to the plane of the mem-
brane is significantly different from 10 A˚ downward
movement of the N-terminal end of the S4-S5 linker pro-
posed earlier based on a KcsA-derived PD model of the
closed state (Long et al., 2005b). To complete the resting-
state PD model, we modeled the S5 region between S324
(S392 in Shaker) and V339 (V407 in Shaker) de novo using
the Rosetta-Membrane method (Yarov-Yarovoy et al.,Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc. 129
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Voltage-Dependent Gating of Shaker K+ ChannelFigure 4. Resting-State Model of the PD and the S4-S5 Linker of the Kv1.2 Channel
(A) View from the intracellular side of the membrane of the ribbon representation of the PD model of Kv1.2 in the resting state. Side chains of V410
(V478 in Shaker) in S6 are shown in space-filling representation.
(B) View from the intracellular side of themembrane of themolecular surface representation of the PD of Kv1.2 in the resting state. Side chains of V410
are colored in orange.
(C) Side view of the cylinder representation of the S4-S5 linker and ribbon representation of the PD of the Kv1.2 in the resting (shown in red) and open
(shown in blue) state superimposed over the selectivity filter residues. Only two opposing subunits forming the PD are shown for clarity.
(D) View of themodels shown in (C) from the intracellular side of themembrane. All four subunits are shown. Panels (A), (C), and (D) were generated using
Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997). Panel (B) was generated using Chimera (Pettersen et al., 2004; Sanner et al., 1996).2006b). The model predicts that the intracellular part of S5
moves between the resting and open states, so that the
N-terminal residue of S5 (M325 in Kv1.2; M393 in Shaker)
is displaced by 8 A˚.
Voltage-Sensing Domain Modeling
in the Resting State
We used the Rosetta-Membrane domain assembly
method to build a resting-state model of the Kv1.2 VSD
around our new resting-state model of the Kv1.2 PD (see130 Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc.Supplemental Experimental Procedures). The modeling
was constrained by our fluorescence scan data in one
way only. The fluorescence scan indicates that the outer
half of S3 (S3b), S4, and the S3-S4 loop go through sig-
nificant motion during voltage sensing. We therefore
modeled these segments de novo in order to allow them
to reorganize from their positions in the open state. Based
on the omega current data (Tombola et al., 2007), we con-
strained the position of the extracellular end of S4 to be
near the extracellular end of S5 and S6 from the adjacent
Neuron
Voltage-Dependent Gating of Shaker K+ Channelsubunit and placed R1 in S4 (R294 in Kv1.2) close to E1 in
S2 (E226 in Kv1.2).
We examined the ten largest clusters of models gener-
ated by the Rosetta-Membrane method, and the center
model from the fourth largest cluster was selected as the
best coarse-grained model based on the available
experimental data (see Supplemental Experimental
Procedures). An all-atomversion of thatmodel was subse-
quently generated with the high-resolution Rosetta-Mem-
brane method (Barth et al., 2007) (see Supplemental Ex-
perimental Procedures). Figures 5A and 5B show our
refined model of the Kv1.2 in the resting state. The model
bears resemblance to earlier models (Chanda et al., 2005;
Durell et al., 1998; Yarov-Yarovoy et al., 2006a), although
the detailed positions of the VSD and PD segments differ
(see Discussion). The S4 is tilted and positioned 3–5 A˚
further down, and the extracellular part of S3 is moved
away from S1 and S2 compared to the earlier Kv1.2
resting-state model (Yarov-Yarovoy et al., 2006a). The
first gating-charge-carrying arginine in S4 (R1), con-
strained to be near E1 in S2, forms a salt bridge with it (Fig-
ures 5C and 5D), placing R1 at the bottom of the extracel-
lular water-accessible vestibule in the VSD, in agreement
with data suggesting that this residue is accessible to
external MTS reagents in the resting state (Larsson et al.,
1996). The third gating-charge-carrying arginine (R3) and
S308 in S4 (S376 in Shaker) face the intracellular water-ac-
cessible vestibule in the VSD (Figures 5C and D), in agree-
ment with data suggesting that they are accessible to in-
ternal MTS reagents in the resting state (Larsson et al.,
1996). The resting-state model accounts well for the
omega scan data (Tombola et al., 2007): residues that
had a ‘‘steric’’ effect on the amplitude of the omega current
form a cluster in the core of the VSD, with A291 (A359 in
Shaker) and R294 (R362 in Shaker) in S4 facing S1 and
S2, while residues that had an ‘‘electrostatic’’ effect form
a cluster near the extracellular end of S4 (Figure 6A).
Our open and closed models are in good agreement
with experiments on the KvAP channel (Ruta et al.,
2005). Mapping biotin-avidin accessibility data from
KvAP onto our models shows that the location of the res-
idues fits within 2–4 A˚ (Figure S2). The exception to this
match is for the resting state at the intracellular end of
S4, most likely due to a different tilt of the S4-S5 linker.
In our resting-state model, it is positioned parallel to the
plane of the membrane (see Results), while in KvAP there
may be more of a tilt (for discussion see Supplemental
Text). In addition, our resting-state model is compatible
with recently reported disulfide bonding results (Campos
et al., 2007), which suggested close proximity between
Shaker’s R1 (R362 in Shaker; R294 in Kv1.2) and one res-
idue in S1 (I241 in Shaker; l177 in Kv1.2) and another in S2
(I287 in Shaker; l230 in Kv1.2). Our resting-state model
shows that the homologous residues in Kv1.2 are within
Cb-Cb distances observed between cysteines that are
able to form disulfide bonds in flexible proteins (Careaga
and Falke, 1992): with a distance from the Kv1.2 homolog
of R1 (R294) of7 A˚ to I177 in S1 and11 A˚ to I230 in S2.Finally, our resting-state model is also compatible with the
recent experimental analysis of the ‘‘down’’ state of KAT1
(Grabe et al., 2007) (though using a different sequence
alignment than the one proposed by those authors, see
Supplemental Text and Figure S3).
Agreement of the Resting-State Model
with Fluorescence Data
A comparison between the open- and resting-state
models shows significant difference between conforma-
tions of the extracellular part of S3 and S4, with a relative
motion between the helices, consistent with the detection
of DFs at the interface between them (Figures 3C and 6B).
The averaged global movement for segments S1, S2, S3,
and S4 was calculated from the displacement between
the resting- and open-state models for every residue
with a DF and was plotted in Figure 6D. The extent of
global movement for each segment is strikingly similar to
the patterns of fluorescence data reported for that seg-
ment (compare Figure 6D with Figures 3A and 3B).
Mapping the DF data onto the models (Figures 6B and
6C) reveals that in the open state the majority of positions
with a large DF are exposed to the extracellular side of the
membrane, while positions with small DFs are buried
within the protein or lipid environment. For most residues
in S3 and S4, the sign and amplitude of the DF correlates
well with the sign and amplitude of the change in solvent-
accessible surface area of the residue between the resting
and open states (DSASA) (Figure 6E, red symbols). Nega-
tive DFs correlate with an increase in residue solvent-
accessible surface area, and positive DFs correlate with
a decrease in residue solvent-accessible surface area
when Shaker Kv channel goes from the resting to open
state. A few residues fell into a parallel outlying distribution
(Figure 6E, gray symbols). Half of these residues are at the
boundary between S3 and the S3-S4 linker, where the DF
could be affected by a loop-to-helix transition from the
resting-state model to the open-state model. The other
half of the residues lie at the interface between S3 and
S4, where the DF could be affected by rotation of S4 rela-
tive to S3.
DISCUSSION
Conformational Changes in the VSD during Gating
While X-ray crystal structures of the open state of the Kv
channels have been obtained (Jiang et al., 2003a; Long
et al., 2005a), the resting-state structure of these channels
remains unknown. Several models have been proposed
for the mechanism of voltage-dependent gating that
drives channels between the resting/closed and acti-
vated/open states (Tombola et al., 2006). The ‘‘paddle’’
model suggests that S4 coupled to S3 moves 15–20 A˚
across the lipid bilayer (Jiang et al., 2003b; Ruta et al.,
2005). The ‘‘helical screw’’ model suggests that S4 rotates
and moves 3–13 A˚ across the lipid bilayer and that gating-
charge-carrying arginines make sequential interactions
with the negatively charged residues in the VSD duringNeuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc. 131
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Voltage-Dependent Gating of Shaker K+ ChannelFigure 5. Resting-State Model of the VSD of the Kv1.2
(A) View of the ribbon representation of the Kv1.2 resting-state model from the extracellular side of the membrane. All four subunits are colored in-
dividually. Segments S1-S6 for blue colored subunit are labeled accordingly.
(B) View of the model shown in (A) from the side of the membrane. The VSD is shown only for blue and orange colored subunits for clarity. Segments
S1-S6 and S4-S5 linker for blue colored subunit are labeled accordingly. Extracellular and intracellular edges of the membrane are marked by solid
bars and labeled ‘‘EXT’’ and ‘‘INT,’’ respectively.
(C) Side view of the VSD segments S1 through S4 only (colored individually) of themodel shown in (A). Side chains of gating-charge-carrying arginines
in S4 (labeled R1 through R4), E226 (E283 in Shaker, labeled E1) and E236 (E293 in Shaker, labeled E2) in S2, and D259 (D316 in Shaker, labeled D) in
S3 shown in stick representation. Blue, red, and cyan colored atoms in the side chains shown represent nitrogen, oxygen, and carbon atoms, respec-
tively.
(D) View of the model shown in (C) from the intracellular side of the membrane. The figure was generated usingMolscript (Kraulis, 1991) and Raster3D
(Merritt and Bacon, 1997).the transition (Catterall, 1986; Gandhi and Isacoff, 2002;
Guy and Seetharamulu, 1986; Lecar et al., 2003; Yarov-
Yarovoy et al., 2006a). The ‘‘transporter’’ model suggests
that S4 moves 2–4 A˚ across the lipid bilayer and that gat-
ing-charge-carrying arginines sense a transmembrane132 Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc.field focused by high dielectric aqueous crevices resulting
from other conformational changes in the VSD (Chanda
et al., 2005). Here, we use a combination of real-time fluo-
rescence measurements of conformational changes and
a variety of modeling approaches to build structural
Neuron
Voltage-Dependent Gating of Shaker K+ Channelmodels of the resting/closed and activated/open states of
the Kv1.2 channel. Our models are compatible with many
of the prior results and provide plausible explanations for
the conformational changes underlying voltage sensing
and for the mechanism by which changes in the VSD are
propagated to the PD.
We carried out a large-scale fluorescence scan of the
outer surface of the Shaker channel that revealed patterns
of protein motion during the voltage-sensing transition.
Large DFs observed along substantial lengths of S3 and
S4 suggest a major coordinated rearrangement, as pro-
posed in the paddle model. However, the environment
changes detected at the interface between S3 and S4 in-
dicate that these helices alsomove relative to one another,
and not as a rigid body. Importantly, the majority of the S3
and S4 positions that were studied reported a very good
correlation between the magnitude of the DF and mag-
nitude of the change in residue environment (DSASA)
(Figure 6E). This is especially striking because ‘‘per resi-
due’’ information from the fluorescence scan was not
used to constrain the modeling.
The pattern of DFs observed for residues on S1 and S2
suggests that these segments do not substantially change
their environment during activation. For example, if S3 and
S4 moved as proposed in the original paddle model, they
would lie flush against S1 and S2 in the open state, but
pivot/tilt down in the resting state. From the perspective
of S1 and S2 there would be a transition on one surface
of each helix from a proteinaceous environment to a lipid
environment. In the transporter model, residues in S1
and S2 would be expected to face a protein-packed envi-
ronment in one state and a large aqueous lake in the other.
In both of these scenarios, residues on S1 and S2 would
undergo a large environment change. In our models, the
majority of the extracellularly accessible residues in S1
and S2 are separated from S3 and S4 by an aqueous en-
vironment in both the activated/open and resting/closed
states, meaning that there is no great environment
change. This is consistent with the small DFs observed
at a small number of positions in S1 and S2. This is the first
structural model that can explain the heterogeneity of DFs
observed in the VSD.
Comparison of our refined Kv1.2 resting- and open-
state models provides a view of the dominant conforma-
tional changes occurring in the voltage sensor upon gating
(Figure 7A and Supplemental Movies). S4 moves as a tilt-
ing screw, rotating 180 clockwise (when viewed from
the extracellular side of the membrane), moving ‘‘up’’ ver-
tically by 6–8 A˚, and changing tilt angle from60 to35
in response to depolarization. The magnitude of the verti-
calmotion in S4 varies from0 A˚ for S308 (S376 in Shaker)
to 14 A˚ for S289 (S357 in Shaker) and is estimated to be
8 A˚ for R1 (R294 in Kv1.2; R362 in Shaker), 10 A˚ for R2
(R297 in Kv1.2; R365 in Shaker), 10 A˚ for R3 (R300 in
Kv1.2; R368 in Shaker), and 7 A˚ for R4 (R371 in Shaker)
(see Table S1). Though this was not imposed as a
constraint in the modeling, symmetry arises naturally con-
cerning the position of the gating-charge-carrying argi-nines in the open and resting states with respect to the ex-
tracellular and intracellular edges of the membrane. In the
open state, the distances from the extracellular edge of
the 30 A˚ thick membrane are 6 A˚ for R1, 8 A˚ for R2,
11 A˚ for R3, and 16 A˚ for R4, while in the resting state
the distances from the intracellular edge to the membrane
are 6 A˚ for R4, 8 A˚ for R3, 11 A˚ for R2, and 15 A˚ for
R1. This symmetry suggests that the most energetically
optimal position of the S4 arginines in the open and resting
state of the VSD is within the same distance from the ex-
tracellular and intracellular side of the membrane. S1, S2,
and S3 move around S4 in a clockwise direction (viewed
from the extracellular side of the membrane), as proposed
earlier (Yarov-Yarovoy et al., 2006a). The screw motion of
S4 agreeswith earlier energy-transfer data on Shaker (Cha
et al., 1999; Glauner et al., 1999) and prior sliding helix and
helical screw models (Catterall, 1986; Durell et al., 1998;
Guy and Seetharamulu, 1986). The magnitude of the ver-
tical movement of S4 is compatible with how hanatoxin
appears to partition into the membrane to bind the resting
state of the VSD (Phillips et al., 2005) andwith the estimate
of the movement of the first gating-charge-carrying argi-
nine through the membrane electric field (Ahern and
Horn, 2005). Importantly, the magnitude of S4 movement
is also compatible with previous data that appeared to be
inconsistent. For instance, though the vertical transloca-
tion of S4 is larger than earlier distance estimates from en-
ergy transfer between donor-acceptor pairs of fluoro-
phores (Chanda et al., 2005; Posson et al., 2005), the
data is consistent once one takes into account the length
and flexibility of linkers via which the fluorophores were at-
tached (Tombola et al., 2006). Similarly, while the vertical
movement in the current model is smaller than the 15–20
A˚ that was proposed based on the biotin-avidin accessi-
bility data in KvAP (Jiang et al., 2003b; Ruta et al., 2005),
a closer look indicates that the KvAP accessibility data
maps well onto our open- and resting-state models of
Kv1.2 (Figure S2), except at the inner end of S4, which
may be less tilted in KvAP (Tombola et al., 2005a; Yarov-
Yarovoy et al., 2006a).
The cumulative gating charge that is moved across the
membrane electric field in the transition between our
models of the resting and activated states is estimated
to be 14 elementary charges per channel (Figure 7B),
close to the 13 elementary charges estimated experi-
mentally in Shaker (Aggarwal and MacKinnon, 1996;
Seoh et al., 1996). The first four arginines in S4 contribute
the most to the cumulative gating charge (Figure 7B), with
the per subunit contribution being as follows: R1, 0.23e;
R2, 0.61e; R3, 0.65e; and R4, 0.33e. This general conclu-
sion agrees with earlier experimental work, although the
values do not match the experimental values (Aggarwal
and MacKinnon, 1996; Seoh et al., 1996) precisely. It
should be noted that the contribution of R1 to the gating
charge has not been clearly defined experimentally. Mea-
surements of gating charge in neutralizingmutations led to
estimates ranging from 0 and 1e, which were uncertain
because of possible indirect effects on other gatingNeuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc. 133
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Voltage-Dependent Gating of Shaker K+ ChannelFigure 6. Experimental Data on Shaker Kv Channel Mapped onto the Refined Kv1.2 Resting-State Model
(A) Positions in the VSD and PD of the Shaker Kv channel studied by Tombola et al. (Tombola et al., 2007) mapped onto the ribbon representation of
the Kv1.2 resting-state model. Only a single VSD from one subunit and PD from the adjacent subunit are shown from the side of the membrane (left
panel) and extracellular side of the membrane (right panel). Segments S1-S6 and S4-S5 linker are labeled accordingly. Ca carbon atoms of the Kv1.2
residues corresponding to the Shaker Kv residues studied are shown as spheres and are colored based on their effect on the amplitude of the omega
current as reported by Tombola et al. (Tombola et al., 2007) according to the following scheme: red, positions that had ‘‘steric’’ effect; yellow, positions
that had ‘‘electrostatic’’ effect; blue, positions that had ‘‘null’’ effect; gray, positions that had ‘‘indirect’’ effect.134 Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc.
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ducting state (Aggarwal and MacKinnon, 1996; Gandhi
and Isacoff, 2002; Seoh et al., 1996). MTS accessibility
analysis has suggested that R1 goes from being fully ex-
posed to the extracellular environment in activated state
to being in between the intracellular and extracellular envi-
ronment in the resting state (Baker et al., 1998; Larsson
et al., 1996; Yang et al., 1996), an interpretation supported
by the observation that omega current flows in the resting
state when R1 is substituted with a smaller uncharged
side chain (Tombola et al., 2005b, 2007), suggesting
transfer of 0.5e. Given this broad range of experimental
interpretations it is difficult to assess the validity of our es-
timate of0.25e gating charge contribution of R1 from our
Kv1.2 channel models. This value was arrived at by simply
turning off the R1 charge in the PB continuum electrostatic
calculations without relaxing the atomic coordinates of the
closed and open states. A more realistic approach would
allow the structure to readjust following this change, as
a real site-directed charge-neutralizing mutation affects
not only the charge at that site but also the distribution
of neighboring charges if they are mobile. The quantitative
differences may also arise from inaccuracies in side chain
packing by the structural modeling method (Yarov-
Yarovoy et al., 2006a, 2006b).
It is particularly noteworthy that, without a focused
transmembrane field, a much larger translocation of S4
would be required to account for the gating charge. High
dielectric aqueous regions contribute to focus the trans-
membrane field in both the open and closed conforma-
tion, thereby controlling the magnitude of the gating
charge. In the open state, the field is focused toward the
extracellular half of themembrane by the large central ves-
tibule at the intracellular pore entrance. In the closed state,
the field is again focused toward the extracellular half of
the membrane, this time by the wide aqueous crevice
that opens up at the center of the VSD under the tilted
S4 helix. The existence of the latter had been deduced in-
directly from experiments (Ahern and Horn, 2005; Chanda
et al., 2005; Islas and Sigworth, 2001; Starace and Beza-
nilla, 2004; Tombola et al., 2007).Molecular Model of the Voltage-Dependent
Gating of Kv Channels
Comparison of our resting-state model to the Kv1.2 open-
state model (Long et al., 2005a) suggest a molecular
mechanism of the voltage-dependent gating of Kv chan-
nels. The data available to date suggest that voltage-de-
pendent gating involves two major sets of conformational
change during the transition between the resting/closed
and activated/open state: independent motions of the
VSDs with transfer of most of the gating charge between
the resting state and an activated-not-open state that
keeps the intracellular PD gate closed (Bezanilla et al.,
1994; del Camino et al., 2005; Horn et al., 2000; Ledwell
and Aldrich, 1999; Pathak et al., 2005; Perozo et al.,
1994; Schoppa and Sigworth, 1998; Soler-Llavina et al.,
2006), and a concerted opening transition of the VSD
and PD, which transfers a minor component of the gating
charge between the activated-not-open state and the
state that opens the intracellular PD gate for ion conduc-
tion (del Camino et al., 2005; Mannuzzu and Isacoff,
2000; Pathak et al., 2005; Schoppa and Sigworth, 1998;
Smith-Maxwell et al., 1998a; Smith-Maxwell et al., 1998b;
Soler-Llavina et al., 2006; Zagotta et al., 1994). The
activated-not-open state is stabilized by S4’s ILT residues
(V369I, I372L, and S376T in Shaker; V301I, I304L, and
S308T in Kv1.2) (Ledwell and Aldrich, 1999; Smith-Max-
well et al., 1998a, 1998b), which map on to one face of
the S4 helix and have been proposed to face the neighbor-
ing subunit’s S5 (Pathak et al., 2005). Complementary to
this, a cluster of residues on the intracellular half of S5,
which plays a role in the concerted gating transition, has
been proposed to interact with the ILT residues (Soler-
Llavina et al., 2006).
In our resting-state model, the ILT residues point from
S4 into the intracellular water-accessible vestibule within
the VSD and away from the S5 cluster (Figure 7C). The
180 turn and upward displacement of S4 would bring
the ILT residues into contact with the S5 cluster if there
were little or no motion in the PD. We propose this to rep-
resent the independent transition in the VSD from the rest-
ing to the active-not-open state. In our model, for the(B and C) Positions in the VSD and PD of the Shaker Kv channel studied in the fluorescence scan (Table 1) mapped onto the ribbon representation of
the Kv1.2 open-state (B) and resting-state (C) models. Only a single VSD from one subunit and PD from the adjacent subunit are shown from the side
of the membrane (left panel) and extracellular side of the membrane (right panel). Segments S1-S6 and S4-S5 linker are labeled accordingly. Ca car-
bon atoms of the Kv1.2 residues corresponding to the Shaker Kv residues studied are shown as spheres and are colored based on a sign of fluores-
cence change (DF) reported in Table 1 according to the following scheme: red, positions that reported DF < 0.03; red to white, positions that re-
ported 0.03 < DF < 0; white, positions that reported DF = 0; white to blue, positions that reported 0 < DF < 0.03; blue, positions that reported
DF > 0.03.
(D) Amplitude of average globalmovement between the resting and open states of the VSD residues studied for each VSD segment. Global movement
of each VSD segment was calculated from an average difference in position of Ca atoms of VSD residues studied in the Kv1.2 between the resting
(closed) and activated (open) statemodels superimposed over Ca atom positions of GYG residues in the selectivity filter (G376, Y377, andG378 in the
Kv1.2; G444, Y445, and G446 in Shaker). Error bars represent standard deviation.
(E) Change in the amplitude of the fast fluorescence (DF) for the S3 and S4 residues only plotted versus change in residue solvent-accessible surface
area between the resting and open states normalized to the ratio of TMRM volume to residue side chain volume at each position studied (DSASA_NVr)
(see Supplemental Experimental Procedures). The red points represent the S3 and S4 residues that are not forming a part of the S3-S4 loop and are
not at the interface between the S3 and S4 in either the resting or closed state. The gray points represent the S3 and S4 residues that are forming a part
of the S3-S4 loop or are at the interface between the S3 and S4 in either resting or closed state. The linear regression fit is plotted for the red points
only.Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc. 135
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Voltage-Dependent Gating of Shaker K+ ChannelFigure 7. Comparison of the Kv1.2 Models of the Activated (Open) and Resting (Closed) States
(A) View of the cylinder representation of the Kv1.2 open-state (left panel) and resting-state (right panel) models. Only a single VSD is shown attached
to a tetramer of the PD for clarity. Transmembrane segments S1 and S2 are colored gray, and segments S3 through S6 and the P loop are colored by136 Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc.
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Voltage-Dependent Gating of Shaker K+ Channelintracellular half of S6 to swing and open the gate, S5must
first tilt its intracellular end by7 A˚ tangentially around the
PD. Thus, we propose that the secondmajor activation re-
arrangement involves tilting of S4 coupled to tilting of the
intracellular half of the adjacent S5. This counterclockwise
movement (viewed from the extracellular side of the mem-
brane) would enable the S4-S5 linker and S6 in all four
subunits to move together and open the intracellular
gate of the pore.
Recent studies suggested a role of lipid phosphate
groups in Kv channel gating, including interaction with
S4 arginines (Ramu et al., 2006; Schmidt et al., 2006).
Our resting-state model, in which the arginines are
shielded from the hydrocarbon core of the membrane by
S1, S2, and S3, does not suggest interaction of the S4 ar-
ginines with lipid phosphate groups. Furthermore, during
the rotational and translational movement of S4 between
the resting and active-not-open conformations, the S4 ar-
ginines would still be oriented toward S1, S2, and S3 and
away from the membrane (see Figure 7A and the Supple-
mental Movies). However, the final opening transition may
place the first two arginines in contact with the extracellu-
lar lipid phosphate groups (Long et al., 2005b). This is con-
sistent with the observation that KvAP cannot be activated
in the absence of the negatively charged phospholipids
(Schmidt et al., 2006), perhaps because lacking the stabi-
lization provided by the interaction of the arginines with
the lipid phosphate groups in the open state, it remains
stuck in the activated-not-open conformation. Further ex-
periments are necessary to test this hypothesis and to try
to understand whether interactions between S4 arginines
and lipid phosphate groups drive S4 tilt, and thus lead to
the concerted opening transition of the PD.
Comparison to Other Structural Models
of Kv Channels
Recently, several structural models of the open and rest-
ing state of the Kv channels have been proposed (Chanda
et al., 2005; Durell et al., 2004; Grabe et al., 2007; Tombola
et al., 2007; Yarov-Yarovoy et al., 2006a). In addition,
a conceptual model of the KvAP resting state was pro-
posed in the paddle model of gating (Jiang et al., 2003b;
Ruta et al., 2005). Our open- and resting-state Kv channel
models suggest the following new details of the molecularmechanism of the voltage-dependent gating: (1) S4
moves vertically by about 6–8 A˚ (see Figure 7A and the
Supplemental Movies). Previously published complete
structural models of the transmembrane region of the
VSD in the open and/or closed states suggested signifi-
cantly different magnitudes of the S4 vertical movement:
2–4 A˚ (Chanda et al., 2005), 3 A˚ (Yarov-Yarovoy
et al., 2006a), and 10–13 A˚ (Durell et al., 2004; Grabe
et al., 2007; Tombola et al., 2007). The previously pub-
lished conceptual model of the KvAP resting state (Jiang
et al., 2003b; Ruta et al., 2005) suggested 15–20 A˚ ver-
tical movement of the S4; (2) S3 moves relative to S1,
S2, and S4 (Figure 7A and the Supplemental Movies).
None of the previously published complete structural
models suggested significant movement of the S3 relative
to all the other VSD segments; (3) concerted movement of
the S4, S5, S4-S5 linker, and S6 of all four subunits in the
opening transition (see Discussion and the Supplemental
Movies). None of the previously published complete struc-
tural models of Kv channels suggested such amechanism
of the concerted opening transition. Despite the differ-
ences with the earlier models, we have shown that our
models can account for much of the seemingly disparate
earlier data that led to those divergent models, that it can
uniquely account for our new fluorescence data, that it
agrees, grosso modo, with what is known about gating
charge contribution, and that it leads to a coherent mech-
anism by which voltage sensing is coupled to gating.
In conclusion, the movement underlying the gating
mechanism emerging from the present analysis retains
features of the three principal models proposed previ-
ously. The magnitude of S4 vertical movement is compat-
ible with the earlier data and is 6–8 A˚ larger than in the
transporter model (2–4 A˚), but smaller than in the paddle
model (15–20 A˚). As pictured in the helical screw model
(Catterall, 1986; Guy and Seetharamulu, 1986), the pre-
dominant movement is an axial rotation of S4 by 180.
As in the transporter model (Chanda et al., 2005), high di-
electric crevices contribute to focus the transmembrane
field, thus increasing the gating charge that couples ener-
getically the VSD to the membrane voltage. As empha-
sized in the paddle model (Jiang et al., 2003b), the S4 seg-
ment is partially exposed to the lipid environment;
however, the S4 gating charges move through a ‘‘virtuala rainbow scheme from blue to red. The S4-S5 linker is colored purple. Positions of Ca carbon atoms of the gating-charge-carrying arginines in S4
(labeled as R1 and R4 and colored in blue), E226 in S2 (E283 in Shaker; labeled as E1 and colored in red) and E236 in S2 (E293 in Shaker; labeled as E2
and colored in red), and D259 in S3 (D316 in Shaker; labeled D and colored red) are shown in sphere representation. Vertical translation of the first
gating-charge-carrying arginine (R1) between the activated (open) and resting (closed) states along the membrane normal vector is indicated by ar-
rows. The S3 and S4 are shown in ribbon representation. Segments S1-S6 and the P loop for one subunit are labeled accordingly.
(B) Cumulative gating charge in a tetramer (blue) and gating charge per residue in a single subunit (red) transferred across the membrane electric field
between the resting to open state plotted as a function of Kv1.2 residue position.
(C) View of the ribbon representation of the Kv1.2 open state (left panel) and resting state (right panel) models of the VSD from one subunit and the PD
from the adjacent subunit from the side of the membrane. Segments S1-S6 and the S4-S5 linker are labeled accordingly. Positions in the Shaker Kv
channel studied by Soler-Llavina et al. (Soler-Llavina et al., 2006) mapped onto the Kv1.2 open-state structure (Long et al., 2005a) and Kv1.2 resting-
state model. The Kv1.2 residues corresponding to the ILT triple mutant (Ledwell and Aldrich, 1999; Smith-Maxwell et al., 1998a; Smith-Maxwell et al.,
1998b) (colored in dark blue) and intracellular cluster of the S5 residues studied by Soler-Llavina et al. (Soler-Llavina et al., 2006) (colored in orange)
are shown in space-filling representation. Residue numbers in the ILT triple mutant positions correspond to the Kv1.2 channel sequence. The figure
was generated using Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).Neuron 56, 124–140, October 4, 2007 ª2007 Elsevier Inc. 137
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Voltage-Dependent Gating of Shaker K+ Channelgating pore’’ within the VSD, without being exposed di-
rectly to the nonpolar hydrocarbon core of the membrane.
The compatibility of our Kv channel models with a wide
body of data, a good deal of which had been previously
thought to be contradictory, appears to resolve the con-
troversy about the magnitude and character of the move-
ment underlying voltage gating.
EXPERIMENTAL PROCEDURES
For detailed Experimental Procedures, please refer to the Supplemen-
tal Data.
Fluorescence Recordings
Procedures for site-directed mutagenesis, in vitro transcriptions, RNA
injections, oocyte preparation and injections, and labeling by TMRM
were performed as described previously (Gandhi et al., 2000; Pathak
et al., 2005). Two-electrode voltage-clamp fluorometry was performed
1–2 days after oocyte injection as described in Mannuzzu et al. (1996),
in bath solution composed of (in mM): 110 NaMES, 2 KMES, 2
CaMES2, and 10 HEPES (pH 7.5) or 20 NaMES, 90 KMES, 2 CaMES2,
and 10 HEPES (pH 7.5).
Data Analysis
Data analysis was done with the Axon Laboratory programs pClamp8
and Clampfit 9.2 (Axon Instruments) and custom-prepared Matlab
programs as described in the Supplemental Experimental Procedures.
Each fluorescence trace was baseline subtracted and bleach
corrected. The fluorescence response to the depolarizing step was
fit by a double-exponential function. The two components of the fit
correspond to channel activation and slow inactivation (see Results).
The amplitude of the fit to the activation component (represented as
DF) was averaged across cells for a given site. DF values correspond
to the conventionally used representation DF/F and are expressed
as percent changes (Table 1).
Modeling of the Kv1.2 Channel
The Rosetta-Membrane method (Yarov-Yarovoy et al., 2006b; Barth
et al., 2007) and the CHARMM program (Brooks et al., 1983) were
used to model the Kv1.2 channel in the resting and activated-open
states as described in the Supplemental Experimental Procedures.
Coordinates of the Kv1.2 channel models are available in the Supple-
mental Data.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/56/1/124/DC1/.
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